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ABSTRACT

In the current era of science, many advancements are taking 
place. One of the most significant of these is clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated 
protein 9 (Cas9), also known as genome editing technology, 
has become an exciting application in the scientific world, even 
earning the 2020 Nobel Prize in Chemistry. CRISPR-Cas9 serves 
as a genome editing tool, enabling researchers in the fields of 
Genetics and Medicine to add, remove, or modify deoxyribonucleic 
acid sequences. This technology finds applications in various 
fields, offering advantages such as greater speed, affordability, 
and higher accuracy compared to existing technologies. The 
purpose of this review is to offer insights into previous research on 
CRISPR-Cas9, a widely utilized technology across various scientific 
domains, with the aim of providing guidance for future studies.
Keywords: Cas9, CRISPR-Cas9, CRISPR, gene, genome editing.

The clustered regularly interspaced short 
palindromic repeats (CRISPR) employ guide 
ribonucleic acid (RNA) sequences to direct the 
CRISPR-associated protein 9 (Cas9) enzyme to 
precise locations on the deoxyribonucleic acid 
(DNA) that need to be edited. It consists of 
Cas genes, followed by the leading sequence, 
and subsequently, spacer and repeat sequences. 
Although the repeat sequences are the same for 
a living organism, the spacer sequences between 
them differ from each other. Additionally, proteins 
in the immune system are referred to as Cas.[1]

The CRISPR-Cas mechanism, despite 
emerging relatively recently, is one of the most 

widely used gene editing methods in our era. 
It has become increasingly prevalent in recent 
years, with researchers conducting various 
studies on this subject. Although it's a relatively 
new application, its roots can be traced back 
to the discovery of RNA interference (RNAi). 
CRISPR-Cas is the general term for the process 
of recognizing and removing foreign genomes 
entering prokaryotic and archaeal cells without 
making changes to their own genomes. The 
primary goal of the CRISPR process is to ensure 
that any unwanted gene regions are not present in 
the prokaryotic and eukaryotic genome structures 
before protein synthesis begins.[2] Furthermore, 
Cas, the general term for the proteins involved 
in this immune system, is essential. Cas genes 
are typically found in close proximity to CRISPR 
and encode Cas proteins. These proteins possess 
endonuclease, exonuclease, helicase structure, 
and nucleic acid-binding sites. Thanks to these 
characteristics, they can unwind and cleave DNA 
sequences.[3]

In the present day, medicine has made 
significant progress, leading to the development 
of various treatment methods for many diseases 
and the reinforcement of the immune system 
to prevent illnesses. The early 20th century 
witnessed a notable increase in the average 
lifespan of individuals due to the development 
of vaccines and treatment techniques, along 
with factors such as nutrition, hygiene, and 
environmental conditions. Research related to 
the immune system is crucial for preventing and 
treating diseases. While many diseases have found 
cures in the contemporary era, several remain 
untreatable, leaving numerous ailments still 
awaiting solutions.[4] In this context, preventing 
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and treating diseases without available cures, 
and enhancing the effectiveness of produced 
solutions, should emphasize the importance of 
CRISPR-Cas9 research. Researchers, research 
institutions, governments, and universities must 
provide support for these studies.

GENOME-EDITING TECHNOLOGIES
Globalization, environmental changes, climate 

change, reduced agricultural lands, increased 
diseases, and the emergence of biotic and abiotic 
stress factors are reducing the productivity of 
production. In the face of rapid population 
growth, global warming, and ecological balance 
changes, there is an increasing need for products 
that exhibit greater tolerance to biotic and abiotic 
stresses. In today's conditions, genome editing 
technologies can help achieve high yields in 
products.[5] Genome editing can prevent various 
diseases and treat diseases that do not yet have 
a cure.

For the past 20 years, a persistent goal of 
researchers has been to explore and discover 
efficient, cost-effective techniques to make precise 
changes in the genomes of living cells. Genome 
editing is one of the key elements that can achieve 
this. It has the potential to be used in gene 
therapy to remove defective genes responsible for 
genetic disorders in humans. On the other hand, 
in agriculture, altering plant DNA can contribute 
to increased crop productivity and better control 
of plant diseases.[6] Genome editing employs 
site-specific nucleases to create double-strand 
breaks in the target genome. This allows for the 
addition, removal, or modification of specific 
genes in the genome.[7]

 Classification of CRISPR-Cas systems

The CRISPR-Cas systems are divided into two 
classes based on differences in their core Cas 
proteins and further divided into six types with 
various subtypes. Class 1 CRISPR-Cas systems 
operate with multi-Cas protein complexes, 
including endonucleases represented by Cas3, 
Cas10, and DinG, constituting types 1, 3, and 
4, respectively. Class 2 CRISPR-Cas systems 
use a single Cas protein and include types 2, 5, 
and 4, which respectively employ Cas9, Cas12-
Cas14, and Cas13 to cleave RNA-guided genetic 
codes. Type 1, 2, and 5 systems primarily target 
DNA, type 3 targets both RNA and DNA, while 

type 4 is exclusively involved in RNA regulation, 
and the function and mechanisms of type 4 
systems remain unclear.[8,9] Among these systems, 
the type 2 system is the most well-understood, 
extensively researched, and holds the highest 
potential for adaptation to eukaryotic organisms, 
with the endonuclease Cas9 playing a central role 
in the type 2 CRISPR-Cas system.[10]

CRISPR-Cas9 is one of the gene editing or 
genome editing techniques, and among other 
popular genome editing techniques [zinc finger 
nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENs), etc.], CRISPR-Cas9 
is the most popular. The ease, speed, and 
effectiveness of the CRISPR-Cas9 technique in 
comparison to other genome editing techniques 
have generated significant interest in the scientific 
community.[11] CRISPR-Cas9 provides the ability 
to engineer the DNA found in the cells of living 
organisms, allowing for the addition, removal, 
modification, and even silencing of specific regions 
within a creature's genome.[12] To briefly explain 
how the CRISPR-Cas9 method accomplishes this: 
a special small RNA molecule is used to direct 
the Cas9 nuclease to the selected DNA sequence, 
and this RNA molecule induces a specific double-
stranded DNA break at the chosen site. The 
CRISPR-Cas9 technique is derived from a natural 
genome editing method that occurs in the immune 
system of bacteria. When bacteria are infected by 
viruses, they capture small fragments of viral 
DNA and integrate them into their own DNA 
in a specific pattern to create segments known 
as CRISPR arrays.[13] These sequences enable 
bacteria to recognize viruses or closely related 
strains. When viruses infect the bacteria again, 
the bacteria use CRISPR arrays to recognize 
specific segments of the viral DNA, creating RNA 
segments corresponding to these recognized viral 
DNA portions. Then, bacteria use an enzyme like 
Cas9 to cut the viral DNA, rendering the virus 
inactive.[11] CRISPR-Cas9 is indeed a versatile 
technique with numerous current and potential 
applications. Examples of these applications 
include contributing significantly to understanding 
how cancer develops, how it can be treated, and 
what can be done for prevention.

CRISPR: Discovery and Mechanism 

In 1987, Ishino et al.[14] from Osaka University 
in Japan were investigating the genes involved in 
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the isozyme conversion of alkaline phosphatase 
in Escherichia coli bacteria. During this 
research, they discovered unusual repetitive DNA 
clusters within the gene. However, the lack of 
a sufficient amount of DNA sequence data at 
the time left the functions of these sequences 
a mystery.[15] However, by the year 2005, three 
different studies had provided evidence that these 
mysterious DNA clusters played a crucial role in 
adaptive immunity.[16-18] In 1993, a team led by 
van Embden[19] revealed that various strains of 
Mycobacterium tuberculosis had different spacer 
sequences located among the DNA repeats. They 
characterized Mycobacterium tuberculosis strains 
based on these spacer sequences using a technique 
called Spoligotyping, and subsequently, these 
sequences were also identified in other archaeal 
and bacterial genomes. In the 2000s, Mojica et 
al.[20] demonstrated that spacer sequences were 
similar to sequences found in bacteriophages, 
viruses, and plasmids. They found that viruses 
couldn't infect prokaryotes that had homologous 
spacer sequences, and they suggested that these 
sequences played an important role in the adaptive 
immune system of prokaryotes. Briefly, when a 
virus infects a prokaryote, intermediate sequences 
within CRISPR arrays are copied to generate 
short CRISPR RNA (crRNA), which, depending 
on the type of CRISPR-Cas system, guides the 
Cas protein to cleave complementary DNA or 
RNA viral sequences.

In this context, CRISPR-Cas systems function 
as a defense mechanism to prevent repeated 
infections by the same virus. The role of Cas 
proteins as nucleases that cleave specific regions, 
and the comparative genomic analysis of CRISPR 
repeats and Cas genes were discovered by 
Makarova et al.[21] They hypothesized that the 
function of CRISPR-Cas systems is similar to 
RNAi, where protein complexes silence genes by 
degrading messenger RNA (mRNA). Some Cas 
proteins cleave DNA, while others cleave RNA. 
For example, Cas9 cleaves DNA, whereas Cas13 
cleaves RNA.[15] In addition to Cas proteins, 
protospacer adjacent motifs (PAMs) are essential 
components of CRISPR-Cas systems. As the 
name suggests, PAMs are short sequences of 
two to six base pairs located adjacent to the 
sequences targeted by Cas nucleases in the viral 
genome. Cas nucleases recognize PAMs, and they 
cannot cleave DNA in the absence of a PAM. 

Protospacer adjacent motifs play a crucial role in 
the cleavage of foreign viral nucleic acids, not in 
CRISPR sequences themselves.[22] Additionally, 
the CRISPR-Cas9 genome editing technique is 
carried out in conjunction with the CRISPR 
system called type 2. The CRISPR genome 
editing method can be successfully applied not 
only with the Cas9 enzyme but also with other 
enzymes, such as the Cas13 enzyme discovered 
in 2016.[23,24]

Horvath and Barrangou[25] discovered CRISPR 
loci in cultures of Streptococcus thermophilus, 
which are important bacteria in yogurt and 
cheese production, providing evidence for 
adaptive immunity in bacteria. Additionally, 
they demonstrated that bacteria containing 
specific virus sequences in their CRISPR regions 
were resistant to that particular virus, and 
they established that CRISPR sequences, in 
conjunction with Cas genes, are responsible for 
providing protection against invading viruses.

Jinek et al.26] designed the type 2 CRISPR 
system for genome editing using Streptococcus 
pyogenes. In their research, they demonstrated 
the general applicability of CRISPR-Cas9 for 
genome editing in bacteria and showed that 
crRNA and trans-activating CRISPR RNA come 
together to form a chimeric single guide RNA 
(sgRNA). Doudna and Charpentier indeed 
made groundbreaking discoveries in the field of 
CRISPR-Cas technology. Their research in 2012 
demonstrated that the Cas9 endonuclease could 
be guided to specific DNA targets in the laboratory 
using two RNA molecules, ultimately enabling 
precise genome editing. This pioneering work has 
significantly advanced the use of CRISPR-Cas as 
a powerful tool for genome editing and has had a 
profound impact on various scientific disciplines, 
from molecular biology to medicine. CRISPR 
technology was indeed introduced to the world 
in 2012, and shortly after its introduction, many 
research articles were prepared and published 
to explore its vast potential.[27,28] Zhang et al.[7] 
successfully used CRISPR-Cas9 technology to edit 
the genomes of eukaryotic cells starting in 2013. 
This breakthrough allowed for precise genome 
editing in a wide range of organisms, including 
humans, and opened up new possibilities for 
both basic research and potential therapeutic 
applications. Cong et al.[29] were the first to 
demonstrate successful Cas9-based genome 
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editing in human cells, which was a significant 
milestone in the development of the CRISPR-Cas9 
technology for human applications. Their work 
paved the way for numerous advancements in 
the field of genetics and potential applications 
in human therapeutics. Science magazine's 
recognition of CRISPR as one of the most 
significant scientific developments in 2013 
highlights the rapid and substantial impact of this 
technology on the field of science. Additionally, 
awarding the 2020 Nobel Prize in Chemistry to 
Emmanuelle Charpentier and Jennifer Doudna 
for their contributions to the development of the 
CRISPR-Cas9 method further underscores the 
importance of this breakthrough in the scientific 
community.[1]

DEVELOPMENT AND APPLICATION 
OF CRISPR-CAS9 

The ZFN and TALEN techniques are the most 
preferred techniques in genome editing.[30] Since 
2013, research on the CRISPR-Cas system has 
contributed to the advancement of this technology, 
making it the most widely used technique due 
to its speed and cost-effectiveness compared 
to others. Subsequently, with the integration 
of the principles of genetic engineering, the 
CRISPR-Cas9 technology has further evolved. 
The CRISPR-Cas9 technique can be used for 
various purposes, including gene silencing or 
suppression through knock-out or knockdown, 
the creation of genome-wide loss-of-function 
libraries, transgenic studies with knock-in, gene 
therapy, chromosomal deletions and insertions, 
transcription control, modification of epigenetic 
marks, and the generation of reporter cell lines. 
Additionally, various research can be conducted 
by pulling specific DNA regions with engineered 
DNA-binding molecule-mediated chromatin 
immunoprecipitation.[31]

Applications in the food industry

Global warming, environmental pollution, and 
chemical and industrial waste have adversely 
affected arable lands. The rapid increase in the 
global population has also raised concerns about 
food security.[32] To alleviate these concerns, it is 
necessary to utilize molecular breeding methods 
and modern biotechnological tools. Agriculture is 
considered the beginning of civilization. From the 
dawn of human history, food has been of great 

importance, and various efforts have been made 
to obtain it. Today, due to the overpopulation of 
the world, access to food has become increasingly 
challenging. Approximately 795 million people, 
or one in every nine individuals, cannot find 
enough food. Particularly, the detrimental effects 
of fossil fuels contribute to global warming and 
negatively impact food security. To combat this 
rapidly changing situation, it is essential for crops 
to be more resilient, reliable, and efficient. This 
can be achieved through the latest breakthrough 
in genome editing, CRISPR-Cas9.[33]

There are harmful and beneficial 
microorganisms. Harmful microorganisms can 
cause foodborne illnesses and spoilage, while 
beneficial ones help preserve food for extended 
periods and contribute to various aspects such 
as maintaining a healthy digestive system in 
individuals.[33,34] In food engineering, applications 
of CRISPR systems are utilized. These include 
the vaccination of starter cultures against viruses, 
genotyping, control of acquisition and spread 
of antibiotic resistance genes in bacteria, and 
modification of probiotic cultures.[35,36] In recent 
times, there have been many studies related to 
probiotic microorganisms. Probiotics are known 
as live microorganisms that provide benefits 
to the host when administered in adequate 
amounts.[34,37] The success achieved in vaccinating 
the Streptococcus thermophilus starter culture 
used in dairy product fermentation against viruses 
has paved the way for the use of CRISPR-Cas 
systems in the food industry.[38] Furthermore, it 
has been reported that the CRISPR-Cas system 
can be used in studies aimed at controlling 
foodborne pathogenic microorganisms to enhance 
food safety and extend shelf life.[39] In a study 
conducted by Gomaa et al.,[40] a CRISPR-Cas 
system designed using the type 1-E Cas3 enzyme 
was used to specifically eliminate E. coli strains. 
This approach was soon tested with the use 
of type 2 Cas9 on E. coli and Staphylococcus 
aureus, evaluating the antibacterial potential 
of CRISPR-Cas9 systems.[41,42] In the research 
conducted, it was found that CRISPR-Cas9 
loci were present in approximately 62.9% of 
the analyzed Lactobacillus genomes and 77% 
of Bifidobacterium genomes, which are lactic 
acid-producing microorganisms.[34,43,44] It has 
been shown that CRISPR loci can be used 
for genotyping purposes to distinguish different 
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species in products with mixed microbiota, 
especially those produced by fermentation.[35] One 
of the early studies in this field was conducted on 
Lactobacillus buchneri, which causes spoilage 
in pickled products, especially cucumber pickles, 
by altering the flavor. After identifying the 
formation and diversity of CRISPR-Cas systems in 
L. buchneri genomes, the use of a 36-nucleotide 
type 2-A CRISPR locus for identification has 
yielded successful results.[45] CRISPR loci have 
also been used for genotyping purposes in 
Enterococcus faecalis, which is commonly used 
in fermented meats, as well as in Lactobacillus 
gasseri and Bifidobacterium, known for their 
probiotic roles.[46]

Applications in the medical field

Gene therapy refers to techniques that repair 
a malfunctioning gene in a patient's genome 
or modify a portion of the genetic structure to 
eliminate the effects of a disease-causing mutant 
gene. In gene therapies, genetic modification 
methods based on homology-directed repair are 
often preferred for repairing mutations that cause 
diseases.[47,48] Today, CRISPR-Cas technology is 
used in research involving human stem cells or 
experimental animals to treat various inherited 
diseases. In the case of a monogenic inherited 
disease such as sickle cell disease (SCD), CRISPR-
Cas9 technology is employed to correct the SCD 
mutations.[49] Cystic fibrosis (CF) is one of the most 
common genetic diseases caused by mutations in 
the CF transmembrane conductance regulator 
(CFTR) gene. CRISPR-Cas9 technology has been 
used to repair mutations in the CFTR gene, and 
very promising results have been achieved.[50] 
Hemophilia B (HB), a hereditary disease resulting 
from mutations in the Factor IX (FIX) gene, leads 
to abnormal blood clotting. Studies conducted 
on animal models have shown promising results 
in the treatment of HB by using CRISPR-Cas9 
technology to add regulatory genes to correct the 
mutations in the FIX gene.[51] In addition to the 
treatment of monogenic diseases, CRISPR-Cas 
systems have been used to potentially treat viral 
infections such as human immunodeficiency virus, 
hepatitis viruses, and oncogenic viruses, as well as 
non-viral infectious diseases caused by bacteria, 
fungi, and parasites. Significant potential effects 
have been observed in many cases.[52] The human 
immunodeficiency virus (HIV) infection has 
been found to cause acquired immunodeficiency 

syndrome, which continues to be one of the most 
serious public health issues worldwide.[53] Yin et 
al.[54] reported that the CRISPR-Cas9 method 
could potentially prevent many steps of HIV-1 
infection, and various research laboratories have 
made significant efforts to advance the use of the 
CRISPR-Cas9 method for the treatment of HIV 
infection.[55-57] In recent years, CRISPR-Cas12 and 
CRISPR-Cas13 methods have been increasingly 
used to prevent HIV infection.[58,59]

The CRISPR-Cas9 technology has provided 
potential treatment capabilities for lung cancer, 
breast cancer, and various other types of 
cancer.[60-65] Furthermore, the CRISPR-Cas 
system has been used as a powerful tool for 
unbiased exploration in medicine, including the 
identification of new drug targets, and elucidating 
mechanisms leading to biomarkers and drug 
resistance.[66-68] In summary, CRISPR-Cas and 
its derivative systems, such as catalytically dead 
Cas9, hold tremendous potential applications 
due to their ability to accurately identify 
underlying disease causes, genetic mutation 
variants, immunological regulatory factors, cell 
signaling mediators, drug targets, as well as drug 
molecules and therapeutics.[69]

In our era, among the deadly diseases, 
cardiovascular diseases and cancer take the 
lead. Cancer comes second after cardiovascular 
diseases.[3] Cancer is a disease characterized by 
abnormal cell signaling, resulting from various 
genetic and epigenetic changes in DNA. These 
changes include oncogenes that promote cell 
proliferation and tumor suppressors that regulate 
cell growth and metabolism. Understanding 
the complex molecular mechanisms that drive 
tumor spread is a crucial step in advancing 
the development of therapeutics. Tumors often 
arise due to mutations in multiple genes, which 
complicates the development of comprehensive 
cancer models. Accordingly, the CRISPR system 
is used to create rapid in vitro and in vivo tumor 
models. These models enable the identification of 
genetic determinants and comprehensive detailing 
of the underlying mechanisms in tumor formation, 
progression, and development.[70,71]

Today, it is relatively easy and feasible to 
generate in vitro cancer models with single or 
multiple gene deletions in mammalian cell lines 
using the CRISPR-Cas technique.[72] In many 
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clinical applications, the CRISPR-based silencing 
of maternal embryonic leucine zipper kinase 
(MELK), which is the target of the cancer drug 
(OTS167), has been successfully achieved. The 
CRISPR-mediated inactivation of MELK renders 
OTS167 effective and does not affect the viability 
of cancer-derived cell lines.[73] In addition, CRISPR 
has been used to functionally introduce or disable 
in vitro drug resistance, and it allows for the 
rapid examination of candidate genes or specific 
mutations associated with drug resistance.[74] In 
this context, CRISPR applications have been used 
to detect mutations in important genes involved 
in therapeutic resistance that can be applied to 
planned drug development strategies.[75]

Application of CRISPR-Cas9 in livestock 

With the increasing global population, the 
demand for animal-derived food is steadily 
rising. Therefore, there is a continuous need to 
carry out research and initiatives to enhance the 
productivity and performance of farm animals 
by maximizing the genetic potential within the 
limits of available resources and utilizing modern 
technologies.[32] Genome editing techniques 
used in animal husbandry are mainly employed 
to enhance disease resistance, improve the 
production quality and efficiency of products, 
and obtain animal products for biomedical 
purposes.[76] As an example of the application 
of genome editing, when vaccines prepared for 
porcine reproductive and respiratory syndrome 
virus (PRRSV), a virus affecting pig reproduction 
and respiratory systems, failed to effectively treat 
the disease, modifications were made to the 
cluster of differentiation 163 receptors. These 
changes facilitated PRRSV's entry into host cells, 
thereby providing immunity against the virus.[77] 
Another study focuses on obtaining human 
interferon proteins from transgenic chickens to 
facilitate their commercial production.[78]

In this regard, the CRISPR-Cas9 technology 
was used to insert the human interferon beta 
(hIFN-b) gene into the chicken ovalbumin locus, 
enabling the production of hIFN-b proteins in egg 
whites. Ni et al.[79] suppressed the myostatin gene 
to generate double-muscling. They conducted 
this study with goats and, with the help of 
the CRISPR-Cas9 system, achieved a significant 
increase in muscle mass, resulting in goats with 
enhanced muscle development. However, these 

goats may exhibit some undesirable conditions, 
such as stillbirth, early death, spinal deformities, 
and abnormal metabolism of fats, sugars, and 
proteins. In addition to the mentioned conditions, 
CRISPR-Cas9 technology has been observed to be 
potentially applicable in other breeding practices 
aimed at increasing animal productivity,[80,81] 

enhancing resistance to infectious or non-infectious 
diseases,[82-84] and improving the welfare of farm 
animals.[85,86] These applications can contribute 
to enhancing the adaptability and resilience of 
animals on the farm.[87]

Applications in plants

The rapid increase in the world 's 
population has led to food scarcity. Innovative 
technologies are needed to obtain sufficient 
food. CRISPR-Cas9 is an effective system that 
allows the creation of target-specific mutations 
in agricultural products, offering significant 
potential for the development of desired new 
traits through breeding programs without the 
use of foreign genetic elements.[88]

In the past, classical breeding methods 
were used to increase productivity in plants. 
These methods involved crossbreeding and 
mutation breeding techniques to obtain new 
traits. However, these approaches have 
become inadequate today due to concerns 
about ecological imbalances. Factors such as 
the reliance on agricultural resources for the 
production of inputs in the food industry have 
further emphasized these limitations.[89] Classical 
breeding, through methods like crossbreeding 
and mutation breeding, used to take a significant 
amount of time to eliminate undesirable traits 
from genotypes. However, the new generation 
of breeding techniques offers more efficient and 
targeted methods.[90,91]

Especially in recent years, the popularity 
of the CRISPR-Cas9 technique has made it a 
powerful system for the successful creation of 
target-specific modifications.[89]

To modify plant genomes, it is sufficient to 
have Cas9 and sgRNA expression in the target 
cell. Plant-specific RNA polymerase III promoters 
are used to express Cas9 and guide RNA (gRNA) 
in plants. These promoters are named tU6 
(arabidopsis), TaU6 (wheat), OsU6, or OsU3 (rice). 
There are several commercial vectors available 
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for expressing these Cas9 or Cas9 variants 
and gRNAs in plants. Addgene, one of these 
vectors, is a global, non-profit plasmid repository 
and currently provides over 30 empty gRNA 
backbones for binary vectors. These empty gRNA 
backbones include RNA polymerase III promoters 
found in plants and gRNA scaffolds to which 
gRNAs can be bound.[92]

Tomatoes are among the most common 
products where CRISPR-Cas technology is used. 
This plant is widely utilized in research due to its 
diploid inheritance, high reproductive efficiency, 
short growth period, and ease of genetic 
transformation. Studies on leaf shapes in tomatoes 
have demonstrated that genetic mutations created 
with CRISPR-Cas technology are hereditary.[93] A 
study conducted by Brooks et al.[94] targeted the 
SlAGO7 (Argonaute7) gene responsible for the 
typical compound and flattened appearance of 
tomato leaves. They reported that the deletion 
of this gene using CRISPR-Cas9 technology 
resulted in the emergence of needle- or wire-like 
leaves. Numerous genome editing studies have 
been conducted in cocoa production with the 
aim of obtaining varieties that are more resistant 
to pests, higher yielding, drought-resistant, and 
with improved aroma and seed quality. In one 
such study, the TcNPR3 gene, which suppresses 
the defense response, was successfully deleted 
using CRISPR-Cas9 technology.[95] However, the 
suitability of these mutant cocoa varieties obtained 
through genome editing for the global cocoa 
market, as well as their acceptability by producers 
and consumers, is still a subject of debate.[88]

CRISPR-Cas9 is a gene-editing technology 
that has caused a major breakthrough in 
biomedical research. This method allows for the 
rapid, cost-effective, and relatively simple editing 
of genes in cells and organisms by correcting 
errors in the genome. It is used in many 
laboratory applications, alongside fast cellular 
production. The rapid increase in the global 
population, depletion of natural resources over 
time, and environmental pollution, among other 
factors, are making it increasingly challenging 
for future populations to access sufficient and 
healthy food. To find solutions to these problems, 
food systems must align with the principles of 
sustainable nutrition. These systems should 
protect biodiversity and ecosystems, and be 
culturally accepted, accessible, safe, healthy, 

affordable, and economically fair. They should 
also provide adequate nutrients for a healthy life 
and make optimal use of natural resources and 
human labor during production. Furthermore, 
various alternative food sources exist to meet 
future food needs, including edible algae, insects, 
synthetic meats, and foods produced using 
gene-editing technologies involving CRISPR 
and associated Cas9 nucleases. Particularly, 
the CRISPR-Cas9 system has a wide range 
of applications, such as increasing crop yield 
and quality in agriculture, enhancing abiotic 
and biotic stress resistance, improving disease 
resistance and meat quality and quantity in 
animal husbandry, and ensuring food safety 
and extending the shelf life in the food industry. 
Gene therapy holds promise for treating various 
serious diseases, including cancer and genetic 
disorders. It is essential to find the causes of 
diseases and eliminate them, rather than merely 
treating disease symptoms.[96]

CRISPR-Cas is a versatile genome editing 
technique that can be adapted to different genome 
varieties. It is widely used in the treatment of 
genetic diseases, covering a range of conditions 
from cancer to neurological disorders. Today, 
animal models are employed in the research of 
mutated genetic diseases and to uncover unknown 
aspects of these conditions.[87]

The use of next-generation genome editing 
techniques, often referred to as the third 
revolution, in plant breeding is fast, cost-effective, 
and safe. This allows for the enhancement of 
yield and quality in products and the development 
of resistance to diseases, pests, and abiotic 
stresses.[97]

Successful research has been conducted in 
rice and wheat, both of which are important 
food sources for humans. In the case of rice, 
approximately 92% of the research is based on 
CRISPR-Cas9 technology.[98] Mutation studies 
have been targeted at some genes in wheat, such 
as PDS, MLO, and NAC2. It has been reported 
that, through the use of CRISPR-Cas9 technology 
in wheat, plants resistant to yellow rust disease 
were obtained as a result of mutations created in 
the MLO gene.[99-101]

Janga et al.[102] have stated that targeted 
gene editing in cotton is possible using the 
CRISPR-Cas9 system. Using the CRISPR-Cas9 
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system, point mutations have been created in 
plants, and plants carrying the mutations in the 
target genes were selected and developed. In a 
study by Chandrasekaran et al.,[103] it was reported 
that the developed plants showed resistance to 
cucumber mosaic virus and papaya ringspot virus 
infections. Additionally, efficient animal feeds can 
be obtained using CRISPR-Cas9. For example, 
from 2017 to the present, a total of 36 varieties 
of soybeans and corn have been approved and 
allowed for use as animal feed.[104]

In their studies on goats, Wang et al.[105] 
obtained goats with one or two genes altered 
through the injection of Cas9 mRNA and sgRNAs 
targeting the functional genes MSTN and FGF5 
into single-cell stage embryos. Young et al.[106] 
applied the CRISPR-Cas9 system targeting the 
genes Dnaic1, Wdr63, and Ccdc63, which affect 
the structure of the tails of sperm in male mice. 
These genes are highly expressed in the testes. 
Their analysis revealed that the silencing of 
Dnaic1 and Wdr63 genes did not have an impact 
on male reproductive ability, but the silencing of 
the Ccdc63 gene resulted in male mice becoming 
sterile due to the shortening of their sperm tails. 
As a result of this study, they reported that the 
CRISPR-Cas9 system can easily be used for 
modifications in complex systems of animals.

In conclusion, despite the significant public 
support for CRISPR-Cas technology, ethical and 
safety concerns persist, and it remains one of 
the most debated application areas. Moreover, 
ethical and moral discussions regarding genome 
editing should not be solely under the dominion 
of science but should instead be conducted by an 
organization comprising scientists and different 
institutions. Regulations made in accordance with 
guidelines to be created with the contribution 
of national and international organizations from 
various sciences will facilitate the emergence 
of CRISPR technology applications in various 
fields. It is also believed that these regulations 
will contribute significantly to mitigating and 
eliminating potential risks.
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